In this work, we present a theoretical and experimental study about the spatial correlations of paired photons generated by type-II spontaneous parametric down-conversion. In particular, we show how these correlations can be positive or negative depending on the direction in which the far field plane is scanned and the polarization post-selected. Our results provide a straightforward way to observe different kind of correlations, that complement other well known methods to tune the spatial correlations of paired photons.
I. INTRODUCTION
Correlations have played an important role in fundamental physics and practical applications. Regarding fundamental issues, it was precisely the fact that quantum mechanics allows the existence of the strong correlation, called entanglement, that motivated the discussions between Einstein and Bohr in the first years of quantum physics [1] . In the 70's , the possibility of measuring correlations between different locations enabled the experimental demonstration of entanglement, revealing in this way new features of nature [2] .
Besides the fundamental physical implications behind correlations, they have become a convenient tool for practical applications. For example, the feature of nonlocality derived from entanglement appears as a suitable element for remote applications. In particular, using the continuous time/frequency variables, the possibility of performing remote spectrometry and different protocols for clock synchronization have been developed [3, 4] . Also, in the spatial case, experiments such as quantum imaging, quantum interference and quantum lithography have been presented [5] [6] [7] [8] . Furthermore, regarding discrete variables, polarization entanglement has allowed the use of teleportation in quantum information tasks [9] .
Since the 80's, the nonlinear optical process of spontaneous parametric down conversion (SPDC) has provided a convenient source of entangled photon pairs [10] . Interestingly, due to the intrinsic nature of the SPDC process the generated photons are entangled in the temporal [11] , spatial [12] and polarization degrees of freedom [13] . The models developed so far, to describe the SPDC process, suit very well with the experimental results for the spectral correlations [14, 15] . Regarding the spatial domain several authors have reported the dependence of the spatial correlations on crystal's length, pump's waist, geometry of the down-converted process, and even different combinations of the transverse spatial variables [16] [17] [18] [19] [20] . More recently, the implementation of * Corresponding author: o.calderon31@uniandes.edu.co a new family of sensitive CCD cameras has allowed to revisit and study such spatial correlations [21, 22] , not only in SPDC but also in the high gain regime [23, 24] . All these interesting results have been presented for type-I phase matching. On the other hand, for photons generated by non-collinear type-II SPDC there has been less experimental work. For example, in reference [25] the position and transverse momentum correlations of photons pairs have been measured in order to study the spatial entanglement. Although in this paper the authors used a type-II crystal, the effects of the different polarizations between signal and idler on the spatial correlations are lost because the setup used combines the SPDC output with a two-photon interferometer.
In the present work, we report the measurement of the transverse momentum correlation for non-collinear type-II SPDC pairs as they come out directly from the crystal. As a remarkable result, we find different kind of transverse correlations between photons when we scan in perpendicular directions in the Fourier plane and use different post-selection schemes. These experimental results provide a direct way to have different kind of correlations, that complement other well known methods to tune them. Additionally, it could be used to generated a counter-Einstein-Podolsky-Rosen (CEPR) state that has positive correlation in transverse momentum and an negative correlation (anti-correlation) in position [26] .
II. THEORETICAL BACKGROUND
The physical phenomena studied in the present work are depicted in Fig. 1 : photons generated by SPDC are collected by two detection systems placed in the Fourier plane of the crystal's output face in order to measure coincidences between the two detectors and reconstruct the spatial transverse correlation. For a type-II SPDC process, using first order perturbation theory and the paraxial approximation, the two-photon state as a function of the transverse wavevectors q µ = (q 
where Φ(q e , Ω e ; q o , Ω o ) and Φ(q o , Ω o ; q e , Ω e ) are the mode functions or biphotons that contain all the information about the correlations between the pair of downconverted photons and the operatorâ † indicates the creation of a µ-polarized photon with transverse momentum q µ and frequency detuning Ω µ .
The mode function Φ(q e , Ω e ; q o , Ω o ) is related with the joint probability of detecting both an e-polarized downconverted photon, with transverse momentum q e and frequency detuning Ω e , at detector A and an o-polarized photon, with transverse momentum q o and frequency detuning Ω o at detector B. An analogous definition ap-
where N is a normalization constant, α(∆ 0 , ∆ 1 ) has the functional form of the pump's transverse distribution, L is the length of the nonlinear crystal and ∆ 0 , ∆ 1 and ∆ k are functions that result from the phase matching conditions and are defined as
The angles φ e and φ o are the creation angles of the down-converted photons inside the crystal with respect to the pump's propagation direction, whereas the angles ρ p and ρ e account for the walk-off of the pump (p) and the extraordinary down-converted photon, respectively. Such angles are given by ρ = − 1 n ∂n ∂θ , ( = p, e), where n is the effective refractive index and θ is the angle formed by the corresponding wavevector, and the optical axis of the nonlinear crystal. 
In order to observe the transverse correlations, the frequency information has to be traced out, hence the spatial biphoton,Φ(q e ; q o ) is given by
, with bandwidth σ µ chosen to achieve a regimen where the spatialspectral correlations are completely broken [27] .
Experimentally, it is possible to obtain information about the spatial biphoton by measuring the rate of coincidence counts. For an e-photon with transverse momentum q e at the detector A, and the o-photon with transverse momentum q o at detector B such rate is given by
Analogously, the corresponding coincidence rate where the e-photon is detected at B and the o-photon is detected at A, is defined by S(q o ; q e ) ≡ |Φ(q o , q e )| 2 . The theoretical predictions for the coincidence rates can be seen in the top panels of Figures 2 and 3 , where it has been used the fact that in the Fourier plane there is a one-to-one correspondence between the transverse momentum and position. Explicitly q = 2π λ 0 fx , and therefore
where λ 0 µ is the central wavelength of the µ-polarized down-converted photon,x η = (x η , y η ) (η = A, B) denotes a position vector in the biphoton's Fourier plane, and f is the focal length of a lens that is used to do the transformation to the Fourier plane in the experimental setup. Fig. 2(a) and Fig. 2 It is important to point out three remarkable observations. First, the y-transverse momentum exhibits a positive correlation whereas the x-transverse momentum shows a negative one. This observation is interesting since it tells us that just by performing a change in the scanning direction of the Fourier plane, it is possible to observe a completely different kind of spatial correlation. In other words, in a type-II SPDC process, both kind of momentum correlations, positive and negative, are present depending on the observed direction of the far-field plane. Second, the positive correlation present in the y-direction may be surprising at first sight, since one expects an anti-correlation for the transverse momentum of down-converted photons; however, this is true only for certain values of the pump's waist. The waist chosen to depict Fig. 2 , w p = 31 µm, is such that together with the other relevant parameters in the SPDC generation yields to a positive correlation. This is similar to what has been reported for the type-I case [17] . Third, the spatial correlation in the y-direction is insensitive to which polarization arrive to each detector. On the contrary, the spatial correlation in the x-direction is highly affected by the detected polarization as is revealed by the different orientations of S(q 
III. EXPERIMENTAL REALIZATION
To corroborate the previous theory, the setup in Fig. 1 is implemented, where a diode laser beam, centered at 407 nm and spatially shaped by a spatial filter, is focused by a lens L into a 4-mm-length type-II BBO crystal. Each of the generated down-converted photons passes through a 2f -system in order to obtain the momentum distribution of the photon pairs at the Fourier plane. The combined scan to measure momentum correlations is accomplished by two detection systems that consist on polarizers, an interference filters, 2.0 mm-diameter pinholes, multimode fibers and single photon counters (SPCM-AQRH-13), D A and D B , whose outputs are analyzed by a FPGA card that allows to count singles and coincidences. The detection systems are mounted on automated translational stages to do a full scan of the biphoton's Fourier plane either in the horizontal or vertical direction. In the experiment, we perform the measurement of S(q e ; q o ) or S(q o ; q e ) by rotating the polarizers, P A and P B , to detect either the e-or o-photon in the corresponding detector, D A or D B .
When both detectors are scanned in the direction parallel to the optical table (y-direction), the bottom panel in Fig. 2 shows the experimental results post-selecting different polarizations for each detector. In particular, Fig. 2 In both situations, the momentum correlation is in good agreement with the theory. On the other hand, the bottom panels of Fig. 3 display the transverse momentum correlations when the detectors scan the Fourier plane in the perpendicular direction to the optical table (x-direction) for different post-selected polarizations. due to the contribution of the walk-off angles, ρ µ , only in the x-direction as can be seen by the term ρ e q x e sin φ e in Eq. 3(b) and the term ρ p ∆ 0 − ρ e q x e cos φ e in Eq. 3(c). Additionally, it is clear, that the polarizers play an important role in the shape of the spatial mode function, as expected from the theory.
In conclusion, we have experimentally demonstrated that for a fixed value of the pump's waist, it is possible to achieve different kind of transverse correlations between type-II SPDC photons by changing the direction in which the Fourier Plane is scanned. Additionally, the correlation in the vertical direction is affected by the chosen post-selection polarization scheme. These behaviors occur because of the crystal birefringence that results in a walk-off angle that affects differently the e-and o-photon and introduces a distinguishability between different directions of the transverse correlations. Our results complement the already well known methods in which the pump spatial and spectral profiles are used to tune the spatial correlations of SPDC photons.
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